The persistence of obesity from early childhood to late middle age is well known. We reviewed the results from existing genetic studies on tracking of BMI to discover how much genetic and environmental factors contribute to this tracking of obesity. In total, we found 5 genetic longitudinal studies on childhood obesity and 8 on obesity in adulthood. One was an adoption study, 3 were family studies, and 9 were twin studies. All were based on Caucasian populations, and one included genetic level information (the FTO gene). Strong genetic continuity in BMI was found from early childhood to onset of adulthood. Although new genetic factors started to affect BMI during the growth period, genetic correlations remained high. Evidence of the effect of common environment on the tracking of BMI during childhood was also found. The heritability estimates reported in twin studies ranged from 0.57 to 0.86 for the trend of BMI from early adulthood to late middle age. The three family studies gave lower estimates. Important unresolved questions are the genetics of BMI change in old age, the genetics of body composition change, the genetic architecture of tracking of obesity in ethnic groups other than Caucasians, and the interplay between genes and environment underlying the development and tracking of obesity.
Introduction
The most important risk factor for obesity at any phase of human life is being obese previously. This simple fact has important implications since it demonstrates how difficult it is to lose weight or even to prevent further weight gain. Understanding the processes underlying this tracking of obesity is crucial when searching for measures to prevent obesity. Childhood is a crucial stage of life when coping with this problem, since overweight children have a high risk of becoming obese adults [1, 2] . However, weight loss or at least preventing weight gain is also possible in adulthood and can lead to important positive health consequences [3] .
Twin and family studies have shown that genetic differences between individuals explain a major part of variation in BMI [4, 5] . Thus genetic factors are likely to be important when explaining the persistence of BMI, although it is also possible that environmental factors contribute to it, especially in childhood. In this systematic review we set out to summarize evidence from existing genetic studies on factors contributing to the tracking of relative weight. Because the biological processes underlying weight gain are very different during the growth period and adulthood, studies on children and adults were treated separately.
Search Strategy
Our aim was to find all studies that had analyzed the genetic component behind the longitudinal change of BMI. Thus all eligible studies needed i) to include a measure of relative weight, ii) be longitudinal studies, and iii) have a genetically informative study design. We made a literature search in PubMed (www.pubmed.com) using the following formula: (body weight OR relative weight OR body mass index OR BMI) AND (change OR longitudinal) AND (heritability OR genetics OR twins OR twin study OR adoption study). Additionally, we limited our search to human studies published in English. We extended the search by reviewing the reference lists of the found articles and searching for articles that Obes Facts 2009; 3:196-202 Genetics of Tracking of Body Mass Index from Birth to Late Middle Age 197 had referred to these articles using the ISI Web of Knowledge (http://apps.isiknowledge.com). We found 5 studies on BMI in childhood [6] [7] [8] [9] [10] and 8 on BMI in adulthood [11] [12] [13] [14] [15] [16] [17] [18] . Of the 13 studies finally included in this review, 1 involved adopted children [6] , 3 focused on nuclear families [13] [14] [15] , and the rest utilized information on monozygotic (MZ) and dizygotic (DZ) twins [7] [8] [9] [10] [11] [12] [16] [17] [18] .
Methodological Aspects of Twin and Family Studies
Regardless of the type of relatives included, family studies are based on an assumption that four sources of variation underlie the observed trait variation within a population. Genetic variation can be divided into i) additive genetic variation, which is the sum of the effects of all alleles affecting the trait, and ii) dominance genetic variation, which is caused by interaction between alleles in the same locus. An epistatic effect, i.e. interaction between alleles in different loci, is modeled as part of an additive or dominance genetic effect depending on how closely the loci are linked together. Environmental variation can be distinguished as iii) variation common to relatives, and iv) variation unique to each individual in the pedigree including measurement error.
A major advantage of family studies is that they allow assumptions to be made about the correlations of each of these four variance components between relatives. For example, MZ twins are genetically identical at the sequence level, and thus the correlation of both additive and dominance genetic effects is 1. DZ twins and ordinary biological siblings share, on average, half of their segregating genes and thus the expected correlation is 0.5 for additive and 0.25 for dominance genetic effects. Further, MZ twins, DZ twins, ordinary biological siblings, and adopted siblings have a correlation of 1 for common environment and 0 for unique environment.
The simplest way to analyze the genetics of tracking of BMI is to decompose the variation in the change of BMI into genetic and environmental components based on the above assumptions. In the case of two measurements BMI change can be computed simply by subtraction, and in the case of several measurements by computing the slope of the regression line. This method has been utilized in some studies analyzing change of BMI or other obesity indicators in adulthood using regression-based methods [12, 14, 15] , comparisons of correlations between relatives [13] , or linear structural equations [11] . However, most of the recent studies have utilized the more sophisticated longitudinal models presented in figure 1 that are based on linear structural equations. For the sake of simplicity, only additive genetic and specific environmental factors are shown, but common environment or dominance genetic factors can also be included in the models. In cases where only twins reared together are available, such as in all previous twin studies on BMI tracking, these two latter sources of variation cannot be modeled simultaneously.
Cholesky decomposition is a way to compute genetic and environmental correlations. Figure 1a presents the Cholesky decomposition for BMI at two time points, although it is also possible to conduct it for multiple time points. Accordingly, the trait correlation between BMI at the two different ages is due to additive genetic correlation (r A ) indicating the same or closely linked genes, and unique environmental correlation (r E ) indicating the same or correlated environmental factors. Because the Cholesky decomposition makes no assumptions about the underlying genetic structure of the growth process but simply decomposes any variance and co-variance into new components, it is a suitable method if the nature of the growth process is not well known. However the Cholesky approach Silventoinen/Kaprio becomes unwieldy when the number of data points becomes large. Cholesky decomposition was applied in 3 studies of BMI change in childhood [7, 8, 10] and in 1 study of BMI change in adulthood [16] . The Simplex model ( fig. 1b) represents change in BMI as a dynamic process in which new genetic and environmental factors start to influence at each age. This new element of genetic or environmental variation is denoted as innovation parameters (ζ A1 -ζ A3 and ζ E1 -ζ E3 , respectively). Simultaneously, some or all of the factors having influence at the previous age may also still be important. This genetic or environmental persistence is denoted as transmission paths in the model (b A1 -b A2 and b E1 -b E2 , respectively). Further, an error variance term (ε) is expected to affect each measure. Thus, the model permits analysis of whether new genetic or environmental variation starts to take effect during the period under study and whether part or all of the variation operating at previous ages continues to influence at later ages, too. At the phenotypic level, the Simplex model is based on the assumption that the size of correlations decreases simultaneously with increasing time between measurement points, and thus it is a suitable method for analyzing change of BMI in childhood. The Simplex model was used for this purpose in 2 studies [6, 9] .
The third longitudinal model used in the included studies is the latent growth curve model ( fig. 1c) . This model allows estimation of the genetic and environmental variation affecting the intercept (a) and slope (b) of the regression line. In addition, the model allows estimation of how these factors correlate with each other (r A for additive genetic correlation and r E for specific environmental correlation). Thus it is possible to analyze, for example, how much of the genes affecting baseline BMI (intercept) also affect the change of BMI (slope). Because the latent growth curve model in this formulation makes a strong assumption of linear change, it can be applied only to analyze change of BMI in adulthood, as was done in 2 studies [17, 18] . However, with more data points, quadratic or higher order slope terms can be added to describe departures from linearity. For example, a leveling off of rate of weight gain can be tested in this way. Table 1 summarizes information on the studies on BMI change in childhood. The earliest study was conducted in 1995 on US adopted children [6] . This study presented the Simplex model for the annual change of BMI from birth to 9 years of age. The transmission of fig. 1b ) was 0.15 from birth to 1 year of age and after that was high, varying between 0.97 to 1.0 for most of the years. Unfortunately, it is not clear whether the model was correctly specified. It is particularly noteworthy that the model does not allow specific environmental transmissions (b E parameters in fig. 1b ). This is an unrealistic assumption since BMI at any given age is a function of BMI at a previous age and BMI change; this trait continuity is modeled as part of specific environmental transmissions. It is also surprising that all transmission parameters were 1.0 at the highest; this may suggest that these components were unrealistically limited not to have higher values indicating increasing trait variation. However, even taking account of these limitations, this study provides evidence of strong genetic continuity in BMI from early to mid-childhood. Another study applying the Simplex model was based on Australian twin data and analyzed the change of BMI from 12 to 16 years of age [9] . Part of the genetic variation was found to be due to dominance genetic effects in this study. Moreover, genetic transmissions were high, i.e. 0.86 or more, showing that a large part of the genetic variation of BMI persisted over this age period.
Tracking of BMI from Birth to Early Adulthood
The three other studies analyzing change of BMI in childhood applied the Cholesky decomposition to twin data. A study on Swedish boys analyzed BMI annually from birth to 18 years of age [7] . This study found that the genetic correlation (r A in fig. 1a ) between BMI at 1 and 18 years of age was already 0.32 and increased steadily after that. A Dutch study found that the genetic correlation between 3 and 12 years of age was 0.43 for boys and 0.52 for girls [8] ; these correlations increased steadily when closer ages were analyzed. Very similar genetic correlations were found in a UK study on boys and girls [10] ; in this study the genetic correlation between BMI at 4 and 11 years of age was 0.49. This study also found that the FTO gene, a candidate gene found to explain approximately 1% of the variation of BMI in several adult populations [19] , was associated with BMI from 7 years of age onwards. However, the FTO gene was able to explain only a small proportion of the genetic correlations of BMI. Both the Dutch and the UK study also found that there was a substantial common environmental factor contributing to the tracking of BMI. However, the common environmental correlations were lower than the additive genetic correlations in these studies.
To summarize, the studies examined show that there is strong genetic continuity in BMI from early childhood to the onset of adulthood. New genetic factors start to affect BMI during the growth period, but genetic correlations are still as high as 0.5 between BMI in early childhood and early adulthood; between closer ages the genetic correlations are substantially higher. In addition to the effect of genetic factors, common environment shows an important contribution to the tracking in BMI during childhood. This component was found to be statistically significant in only two studies [8, 10] , but it is noteworthy that distinguishing common environmental effects from additive genetic effects needs more power than when estimating additive genetic effects only. Thus it is not surprising that the two studies which found this effect were the largest twin studies.
Tracking of BMI from Early Adulthood to Late Middle Age
Information on the studies of BMI change in adulthood is presented in table 2. The first two studies analyzing genetics of BMI change were based on US twin data. A study on US male veterans found a substantial heritability of 0.70 for the BMI change in a 43-year follow-up starting at age 20 [11] . Similar substantial heritability was found in a study of females [12] . This study was based on only two measurement points, and the age variation was much larger at baseline. Depending on the used statistical method, this study gave a heritability estimate varying from 0.57 to 0.86 for the change of BMI. Even though the statistical models were insufficiently described in these two early twin studies, they provide evidence for a substantial genetic component behind weight change in both men and women.
Much lower estimates of heritability were found in the three studies analyzing nuclear families. In the two Canadian studies, the heritability of the change of BMI was 0.37 [13] and 0.23 [14] . These were also the only studies reporting heritability estimates for the change of waist circumference (0.39 [14] ) and skinfold thickness (0.16 [13] and 0.12 [14] ). It is worth noting that the age range at baseline in both studies was very wide and also included children. A third family study was based on the Framingham cohort in the USA [15] . This study found a moderate heritability of 0.24 for BMI change over 24 years, whereas for shorter follow-up periods the heritability estimates were low. The problem in all of these family studies, however, is that the models used for analyses are not sufficiently described, and thus it is not possible to evaluate their background assumptions.
The two studies using latent growth curve models ( fig. 1c ) were both partly based on the same Finnish twin cohort data. This cohort was also used in an earlier study on the genetics of weight change [20] , but because this study used only two measurement points and is a subset of a later study [17] , it is not mentioned in table 2. In a study following up men and women 20-46 years of age at baseline in 1971 to 1990, substantial heritability estimates for rate of weight change of 0.58 for men and 0.64 for women were found. Interestingly, this study detected only a small genetic correlation (r A in fig. 1c ) between BMI level (intercept) and rate of BMI change (slope), suggesting that the set of genes affecting change of BMI is different from the genes affecting baseline BMI. A study based on a subsample of females of this cohort aged 37-50 years at baseline and followed up until 2004 found a similar heritability of BMI rate of change, i.e. 0.64 [18] . In contrast to the study using the whole cohort, the genetic correlation between intercept and slope was substantial, i.e. 0.40. One possible explanation for these contrasting results is that this study also estimated a negative unique environmental correlation, which may have artificially strengthened the additive genetic correlation. Alternatively, it may be because it was a subset of the entire cohort, more restricted in age and with follow-up to older ages. In conclusion, published twin studies have shown substantial heritability of BMI change in adulthood, varying from 0.57 to 0.86 using different measures of change, varying statistical models, and variable follow-up times. Family studies have yielded lower estimates. However, in these latter studies the statistical models were not described sufficiently, and therefore it is impossible to say whether these lower estimates are due to methodological limitations, different assumptions, or true sample differences. One issue which may have affected the lower genetic correlations is that the family studies were generally based on comparisons of relatives at very different ages, whereas twins are the same age. BMI also changes non-linearly with age, so simple adjustments by age will not fully adjust for age differences in BMI. Thus, if the genetic architecture is different in parents and their children, it may have decreased the estimates.
Intriguingly, the only studies analyzing the genetic correlation between baseline BMI and BMI change yielded somewhat different results even if they included partly the same subjects. However, the sample of female pairs from the Finnish Twin Cohort with more data points was much smaller in size, represented only selected birth cohorts, and covered later ages not included in the analysis of three data points of the entire Twin Cohort. Thus, the question of how much the genes affecting BMI also affect BMI change remains an open one. These preliminary results indicate that weight change needs to be considered as a separate phenotype from BMI in genome-wide searches for new genes.
Further Prospects
Taking into account the very large body of literature on obesity, it is somewhat surprising that there are only a few studies on the genetics of obesity tracking. A clear limitation of these studies is that they cover only the life span from birth to late middle age, with only one study offering any information on old age, i.e. over 60 years. Thus, more studies are needed on the genetics of weight change in elderly people. This would be an important issue to address since weight loss is found to be associated with higher mortality at old age [21] . It is likely that the genetics of weight change in elderly populations is very different from middle age populations, since weight starts to decrease in old age due to loss of muscle mass. Another limitation of existing studies is that all of them were conducted in Caucasian populations. A recent twin study on the heritability of BMI and waist circumference in adolescents from eight countries found more genetic variation in Caucasian than in East-Asian populations [22] . Thus it would be important to analyze at which stage of the growth process this extra genetic variation emerges. Likewise, almost all of the existing studies have been based on BMI as the measure of obesity. Thus, genetically informative studies on changes in body composition over time are needed.
Knowledge of the specific genes affecting body fat and weight, such as FTO and MC4R, is accumulating. Once the known genes in combination account for a substantial fraction of the variance in BMI, their role in weight change needs to be assessed carefully. Both from the scientific and public health perspectives, it would also be important to analyze whether gene-environment interactions exist in the tracking of obesity. A recent study by Mustelin et al. [23] , based on a Finnish twin cohort, revealed that among physically active young adults there was less genetic variation in BMI and waist circumference when compared to sedentary persons. This suggests that it may be possible to prevent expression of the genetic susceptibility to obesity by increased physical activity. It would be important to analyze whether high level of physical activity could also decrease genetic co-variation of obesity indicators between different ages. If this turns out to be true, it would emphasize the importance of physical activity in coping with the obesity epidemic.
General Conclusions
Previous family studies have shown strong genetic regulation of weight change from early childhood to late middle age. The underlying genes are the most important factor contributing to the tracking of obesity, but in childhood environmental factors are also important. Little is still known about candidate genes affecting this tracking. However, genetic and environmental factors are not likely to act independently, and further studies are needed to explore and reveal the interplay between nature and nurture underlying the development and tracking of obesity.
